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Phase transitions (PTs) of ABX3 hybrid organic-inorganic perovskites (HOIPs) can 
endow many important electrical, magnetic and optical properties which are the key for 
their applicable functionalities. In this context, elucidating their mechanisms has 
become an essential forefront in the field. Hitherto, the driving forces of their PTs are 
limited to the BX6 octahedral tilting and molecular ordering of the A-site, while other 
atomic factors have attracted little attention. Herein, we uncover a complex ferroelastic 
PT in a HOIP, [CH3NH3][Mn(N3)3], based on thermodynamic experiments and ab initio 
lattice dynamics calculations. This unusual first-order PT, between two ordered phases, 
is primarily driven by collective atomic vibrations of the whole lattice, along with 
concurrent molecular displacement and peculiar octahedral tilting. Moreover, the 
unique atomic vibrational gain is the origin of the significant entropy change between 
the low and high temperature structures, and in return it plays a critical role in driving 
the transition. This finding offers an alternative pathway for designing new ferroic PTs 
and related physical properties in HOIPs and other hybrid crystals. 
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Hybrid organic-inorganic perovskites (HOIPs) have attracted growing interest in the past 
several years due to their superior application potentials in the field of photovoltaics, 
optoelectronics and sensing devices1. Similar to their conventional oxide counterparts, these 
HOIPs exhibit abundant structural transitions in response to external perturbations such as 
temperature or pressure2,3. Since these phase transitions can often endow significant changes 
in the electrical, magnetic and optical properties which are of vital importance for the design 
and fabrication of functional devices, it is crucial to fully understand their origins from an 
atomic scale. For example, it has been found that the first-order tetragonal-to-orthorhombic 
transition of MAPbI3 below 160 K, driven by the soft modes of PbI6 octahedral tilting and the 
MA cation ordering, could have a significant impact on its electron-phonon coupling and 
corresponding photovoltaic properties4. 
 
In traditional inorganic perovskites, the A-site displacement and BX6 octahedral tilting are 
the primary driving forces of phase transitions, however, the presence of organic species on 
the A- and/or X-sites in HOIPs significantly complicate the symmetry breaking process2,5. 
Though octahedral tilting patterns in HOIPs are generally reminiscent of those in 
conventional perovskites due to the rigidity of the X-site molecular linkers, these much larger 
and longer X-sites offer additional freedom for the octahedra to tilt, hence offering new 
tilting pathways. The recent discovery that adjacent octahedra in [TMA][Mn(N3)3] (TMA = 
tetramethylammonium) distort along the same direction indeed proves such new possibilities6. 
On the other hand, the dynamic movement of the organic A-site from one state to another, 
which normally appears as order-disorder switching via rotational and configurational 
changes, can also induce symmetry changes7. It is worth of mentioning that accompanying 
alterations of hydrogen bonding and dispersive forces during the dynamic switching will in 
turn influence the phase transition. Such complex synergies in the A-site have been found to 
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be the main origin of ferroelectricity in some HOIPs (i.e. [DMA][Co(HCOO)3], DMA = 
dimethylammonium)8, in stark contrast to the displacive nature of electrical ordering in 
perovskite oxides (e.g. BaTiO3)9. 
 
Although the importance of phase transitions of HOIPs has attracted increasing awareness, 
most studies were focused on the aforementioned driving factors of molecular displacement 
and ordering2. As one prominent difference between HOIPs and inorganic perovskites is their 
atomic weight, the presence of substantially lighter elements such as hydrogen and carbon 
could lead to remarkable energetic changes across the transition if their vibrational entropic 
effects are large enough. Such vibrational entropy effects have been found to be the important 
factor for driving the polymorphism in hybrid formates by recent lattice dynamics 
calculations10. Herein, we report the very unusual vibrational entropy driven phase transition 
in an azide HOIP, [MA][Mn(N3)3] on the basis of comprehensive structural and 
thermodynamic characterisations, as well as extensive lattice dynamics calculations. We 
unveil that the complex first-order phase transition in [MA][Mn(N3)3] is akin to the 
synergistic motions of the octahedral tilting, rotation and displacement of the MA cation, 
motion of the azide group and the vibration of all atoms. We also demonstrate that the 
significant entropy change across the transition arises from the vibrational effects of all atoms 
which in return are the major source for thermally driving the phase transition. 
 
1 has an ABX3 perovskite structure, in which the A-, B- and X-sites are MA, Mn2+ and 
azide group, respectively. The HT structure in P21/c is on a cell (1,1,0), (-1,1,0), (0,0,2) with 
an origin of (0,1/2,1/2) with respect to a perovskite parent, which could be from a 
combination of the irrep M3- and conventional out-of-phase tilt, R4+. Therefore, the transition, 
from the cubic parent to HT phase, would be from the conventional system R4+ at k = 
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1/2,1/2,1/2 to tilt system Σ2 at k = 1/4,1/4,0 in the Brillouin zone, from the group theory 
program ISOTROPY13. The LT P21/c structure proposed here is on a cell (0,1,0), (-1,0,1), 
(2,0,2) with an origin (0,0,1/2) with respect to a perovskite parent. The irreducible 
representation (irrep) Σ2 at k = 1/4,1/4,0 is critical in this structure as this is the only irrep that 
would give the very unusual pattern of tilts13. Originally, we would obtain an orthorhombic 
Pbam structure since the out-of-phase tiltings run alternatively clockwise and anticlockwise 
in the ab plane, reminiscent of the tilt senses in a standard perovskite. This irrep that will 
induce these displacements is M3-. However, the zig-zag (up-down) tilting patterns, when 
viewing the octahedra side-on along b or c-axis, is significantly unusual. This distortion may 
be driven by the locations of the cavity MA entities because Σ2 at k = 1/4,1/4,0 and M3- at 
k=1/2,1/2,0 in the Brillouin zone would give the required P21/c space group5.  
  
The high temperature (HT) structure (270 K, Figure 1a) of 1 crystalizes in the monoclinic 
space group P21/c, with a = 9.0316(10), b = 7.3935(8), c = 12.5458(13) Å, b = 102.429(11)o 
and V = 818.12(15) Å3, in which the fully ordered MA+ is hydrogen-bonded to the [Mn(N3)3]- 
perovskite framework11. There are four hydrogen bonds in each pseudo-perovskite unit and 
the N···N distances and N-H···N angles are of 2.966(3)-3.127(3) Å and 146.9(4)-170.5(4)o, 
respectively. Notably, the MA cation is located in the perovskite cavity at an off-center 
position along the c-axis and the adjacent MnN6 octahedra distort along this direction. 
According to the Glazer notation, the octahedral tilting system of the HT phase would be 
a+b+c-12. Like conventional perovskites, this HT structure could have a parent cubic structure 
with space group Pm-3m and cell parameter ac, and the cell dimensions of this P21/c structure 
are √2ac* √2ac* 2ac. 
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Upon cooling, compound 1 undergoes a phase transition at about 264 K, and the low 
temperature (LT) phase crystalizes in the same monoclinic space group P21/c with a = 
6.2218(4), b = 7.2500(4), c = 18.3398(11) Å, b = 102.075(5)o and V = 808.97(8) Å3 (Figure 
1b)11. Interestingly, the aLT and cLT axes are about half of cHT and twice of aHT, respectively, 
while the b-axis is almost unchanged. This fact indicates that the perovskite structure 
undergoes a significant re-construction across the transition. This transition has a complex 
cooperative nature which involves all the A-, B- and X-sites. Specifically, the MA cation 
exhibits both displacement and rotation about the C-N axis, and the MnN6 octahedra tilt 
dramatically along with the significant movement of the azide groups. Such a synergistic 
transformation leads to the breaking and reforming of hydrogen bonding with N···N 
distances of 2.925(2)-3.252(3) Å and N-H···N angles of 149.2(3)-158.6(3)o (Figure 1b). 
Strikingly, three newly constructed hydrogen bonds in this LT phase are about 1.3-4.0% 
longer than those in the HT structure though the fourth one is slightly shorter (1.4%) (Figure 
1c). This results in the overall weakening of the hydrogen-bonding when crossing the 
transition from HT to LT phase, which has not occurred in any other HOIPs2. However, the 
thermal vibrations of all atoms in 1 show a normal trend, where the atomic displacement 
parameters (ADPs) of C, NA, Mn and NX all decrease upon cooling (Figure 1d). Additional 
solid state 1H magic-angle spinning nuclear magnetic resonance (MAS NMR) measurements 
reveal the thermal vibration of hydrogen atoms in the perovskite structure. As seen from 
Figure S3a, the chemical shift of hydrogen atoms on the –NH3 group reduces from 6.6 to 6.3 
ppm with decreasing intensity when cooling from 323 to 223 K, which indicates increasing 
shielding effects of the nitrogen atom with respect to the attached hydrogens, hence 
weakening the vibration of amino hydrogens upon cooling. Such an unusual phenomenon 
arises from the competing effects between the electrostatic interactions and hydrogen 
bonding in the perovskite unit across the transition. The unit cell volume contracts about 0.35% 
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when cooling from 270 to 260 K, this significant volume change leads to an increase of 
electrostatic interactions between the MA cation and the perovskite host, which compensates 
the lengthening of the hydrogen bonding and result in decreasing ADPs from HT to LT. 
Another interesting feature of the transition is that the azide group exhibits both cis-EE and 
trans-EE coordination modes rather than pure cis-EE fashion in the HT phase11. The Glazer 
notation for octahedral tilting of this LT structure is not applicable, and the cell dimensions of 
this LT structure are ac* √2ac* 2√2ac of the parent cubic Pm-3m structure. 
 
DSC experiments provide thermodynamic information about the transition (Figure S2a). The 
temperature dependencies of heat flows show an anomaly at 277 K on heating and at 264 K 
on cooling, in agreement with the literature11. The width of the thermal hysteresis of 13 K and 
sharp peaks observed at both heating and cooling indicate the strong first-order nature of the 
phase transition. Temperature dependencies of entropy (S), shown in Figure S2b, demonstrate 
that the associated entropy change (DS) across the phase transition is approximately 20 J K-
1kg-1. Such a significant value is close to that of a two-fold order-disorder transition (ΔS = 
RlnN2/N1 = Rln2 = 27 J K-1kg-1, where N represents the ratio of possible configurations after 
and before phase transition and R is gas constant), though our single crystal X-ray diffraction 
studies unambiguously exclude the existence of any structural disorder in the HT phase. This 
unusual phenomenon suggests that the HT lattice exhibits a dramatic increase in the 
vibrational degrees of freedom and corresponding active phonon modes. 
 
 
 
 
 
(a) (b) 
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Figure 1. (a) The crystal structure of HT (270 K) viewed from c axis. (b) The crystal 
structure of LT (260 K) viewed from a axis. Violet dotted lines signify the hydrogen bonds. 
The arrows filled with grey point the rotation directions of octahedral during phase transition. 
Color scheme: Mn2+ and MnN6 octahedron, emerald; C, black; N, blue; H, 25% grey. (c) 
Hydrogen bond lengths as a function of temperature between 200 to 320 K. (d) Temperature 
dependencies of atomic displacement parameters of Mn, C, NA and NX atoms. Emerald dash 
lines separate the LT and HT phase regions. 
 
Resonant ultrasound spectroscopy (RUS) experiments were used to probe the 
thermodynamics of the phase transition. Selected RUS spectra from a single crystal collected 
during both heating and cooling sequences between 100 to 280 K are shown in Figure S4a. 
Temperature dependent peaks in the spectra indicate the vibrational frequencies (ƒ) of the 
sample modes, and the ƒ2 and the reciprocal of mechanical quality factor (Q-1) of each 
vibrational mode quantifies the elastic modulus and the acoustic dissipation (energy loss) 
associated to this mode, respectively14. The raw spectra in Figure S4a exhibit an obvious 
anomaly in terms of peak frequencies near 264 K upon cooling, along with the changes of 
peak widths and disappearance of some peaks. Data for ƒ2 obtained from fitting selected 
cooling peaks, displayed in Figure 2a, demonstrate obvious stiffening kinks at about 264 K, 
corresponding to the known strong first-order transition. Meanwhile, the acoustic dissipations 
(Q-1) for all selected frequency peaks increase significantly below 264 K as shown in Figure 
2b. The increased frequency can be attributed to the twin walls formed after the ferroelastic 
(c) (d) 
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structural reconstruction, which couple with the strain and are mobile in response to the 
external stress15. Strikingly, the energy loss patterns of 1 span near or over a hundred Kelvin, 
which is a substantially broader range than that associated with a phase transition driven by 
the configurational order-disorder of the A-site organic amine cations, in 
[(CH2)3NH2+][Mn(HCOO)3]16 and [(CH3)2NH2+][Co(HCOO)3]17. 
 
 
 
 
 
 
Figure 2. Variation of the ƒ2 (a) and Q-1 (b) from fitting of selected cooling resonance peaks 
in RUS.  
 
To fully understand the origin of the associated large DS and Q-1, we have applied lattice 
dynamics calculations to probe the atomistic details of the forces driving this phase 
transition18-19. Figure S5a plots the free energy of the two phases versus temperature and the 
vibrational entropy contribution to the free energy (DG) of each phase versus temperature. 
This plot shows that the vibrational entropy (SV) of the HT phase is greater than that of the 
LT phase. As the temperature increases so the SV contribution to total free energy becomes 
more pronounced and eventually the HT phase becomes thermodynamically more favourable 
than the LT phase at a temperature of 220 K. We investigate which phonon modes are 
responsible for the differences in SV between the two phases. The contributions of the phonon 
modes to SV of two phases are shown in Figure S5b, which displays the most notably 
contribution at the low-frequency end of the spectrum. The frequency dependencies of SV and 
integrated vibrational entropy (STot) between HT and LT are plotted in Figures 3a, b. These 
(a) (b) 
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figures show how the vibrational modes contribute to the entropy, depending on their 
frequency. The vast majority of the contribution comes from vibrational modes with 
frequency below 10 THz. The dashed lines show the total accumulated entropy from the 
modes up to that frequency - these plateau around 10 THz too. These values are plotted 
across a range of temperatures.  
 
 
 
 
 
Figure 3. The frequency dependencies of vibrational entropy Sv and integrated vibrational 
entropy Stot between HT (a) and LT phase (b). 
 
To probe the atomistic origins of the above results, we have decomposed the fractional 
contribution of each structural site (A-, B- and X-sites) to the STot within the corresponding 
entropy range by calculating the weighted average of the phonon density of states (DOS) of a 
given site і at energy ɛ, ági(ɛ)ñ=åiwi/åi.k wik, where wi are the weights of the phonon modes 
involving the site at energy ɛ and k is the list of all sites10. The frequency dependencies of 
decomposed DOS of each atom at HT and LT are plotted in Figures 4c, d. This shows the 
contributions to the phonon spectrum broken down by atomic site. As seen from this, the 
modes that contribute most to the entropy (those at < 10 THz) involve contributions from all 
species. This shows that these phonons are collective modes, where all of the sites are 
moving together - these depend on the interactions between the units in the crystal. The 
collective motions determine the entropy and the collective motions in turn depend on the 
(a) (b) 
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strength of the bonding between molecule and the perovskite framework. This is where all of 
the difference in SV comes from.  
The importance of collective modes in determining thermodynamic stability distinguishes 
with the trend in other HOIPs (i.e. [MA][PbI3]20 and [(CH2)3NH2][Mn(HCOO)3]21), where 
dynamic configurational ordering is mainly responsible for the difference in SV between 
competing phases. The phase transition is more similar to the ABX3-type formate, 
[NH4][Zn(HCOO)3]18, which display an entropy-driven polymorphism. However, in this case 
the balance of forces in this case is different, because in those formates the HT phase features 
weaker molecule-cavity intermolecular hydrogen bonds than the LT structure, but the 
molecule-cavity hydrogen bonds in 1 are stronger in the HT phase and the LT phase is more 
enthalpicaly stable due to the increased electrostatic interactions induced by the lattice 
contraction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(d) 
(b) 
(a) (c) 
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Figure 4. The fractional contribution of A-site (green), B-site (red) and X-site (purple) to the 
total vibrational entropy at HT (top) (a) and LT (bottom) (b) phase within the 0-0.10 eV 
energy range. The frequency dependencies of decomposed DOS of each atom at HT (c) and 
LT phase (d). 
 
 
Based on the aforementioned extensive calculations, we can now explain the origin of the 
large entropy change and energy loss across the phase transition. First of all, the synergistic 
motions of the whole structure, which involve the MnN6 octahedral tilting, the rotation and 
displacement of the MA cation, motion of the azide group and the vibration of all atoms, are 
responsible for the occurrence of the phase transition. In particular, the dominant vibrational 
entropic effects are the main cause of the structural transition instead of any significant 
enthalpic or configurational entropy origin. In addition, the collective vibrations of the whole 
structure also lead to the substantial damping of the structure in response to external stress 
during the RUS experiments, hence giving rise to significant acoustic dissipation. 
Nevertheless, extrinsic origins of the energy loss from twinning also need to be taken into 
account. The mobility of the twin walls during transition is a common inducement to energy 
loss like observed in other HOIPs16-17 and perovskite oxides15. It is noteworthy that the HT 
structure at room temperature is already strongly twinned as seen from our optical 
microscopy measurements (Figures 5a, b). Clearly, there are both parallel (~12.8o) and 
orthogonal (~83.7 and 82.0o) twin walls. In this context, the effective modulus of the material 
is reduced by mobile domain boundaries and the friction of twin walls increases the damping 
of the mechanical resonance during the RUS testing22. 
 
 
82.0° 
83.7° 
(b) (a) 
12.8° 
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Figure 5. (a, b) Optical micrographs of twin crystals measured by using a polarized light 
microscope with 100x (NA=1.25) objective in the ambient condition. 
 
In conclusion, we have comprehensively studied the complex phase transition in a hybrid 
organic-inorganic perovskite, [CH3NH3][Mn(N3)3] (1), via a combined approach of 
experiments and lattice dynamics calculations. This unusual first-order phase transition 
involves concerted cooperation of molecular displacement, octahedral tilting and atomic 
vibration, making it distinct to those in oxide counterparts and other HOIPs. In particular, the 
difference in vibrations of all atomic sites between the HT and LT phases induces significant 
energetic changes, hence becoming the main driving force of the transition. Moreover, the 
large entropic effect, arising solely from vibrational entropy, across the transition is rare in 
molecular systems since entropy changes normally originate from configurational alterations 
related to different molecular ordering states. Taking the advantage of abundant chemical 
diversity of HOIPs, this study unveils a little corner of their giant phase transition landscape 
and highlights the fundamentally different new features of these transitions from an atomic 
level. Furthermore, considering the fact that many important properties of perovskites (e. g. 
ferroelectricity and multiferroicity) are a consequence of phase transitions, the cooperative 
contributions of all A-, B- and X-sites for driving phase transitions in HOIPs can give rise to 
many novel functionalities that conventional perovskites are unable to endow. Finally, 
viewing from a broad perspective, we believe this interplay between thermodynamic driving 
mechanisms – balancing entropy, electrostatics and inter-molecular bonding –  can stimulate 
13 
 
and guide the discovery of new ferroic HOIPs and other hybrid materials.  
Methods 
Methods, including statements of data availability and any associated accession codes and 
references, are available in the online version of this paper. 
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